The following study describes an experimental investigation into the key parameters influencing the performance and operation of an actively driven resonant pulse combustor. The experimental apparatus is composed of a rotary valved pulse combustor with modular components, including the capability of modifying the convective distance between the active valve and fuel injection. The performance was characterized through pitot probe measurement of the averaged stagnation pressure at the combustor exit, measurement of the dynamic combustion chamber pressure, and recording of an ion probe signal to indicate heat release timing. Results demonstrate that small changes in relevant characteristic time scales (i.e. inlet air convection time) can have a meaningful impact on the device operation and performance. This suggests that moderate design optimization may result in a significant performance improvements.
I. Introduction
T gas turbine engine is an integral part of the global energy infrastructure and, through widespread use, contributes significantly to the emission of harmful pollutants (NO X and greenhouse gases). For this reason there is great interest in improving the efficiency of these devices. However, after 80 years of development, current gas turbine technology is nearing its realizable efficiency limit and thus, using conventional approaches (increased pressure ratios, turbine inlet temperatures, and compressor efficiencies) only small future efficiency gains are possible at significant cost. Furthermore, it is known that the largest loss of thermodynamic availability in a conventional gas turbine engine occurs within the combustion chamber [1] . This loss, attributed to combustion inefficiencies and fluid dynamic losses, results in a 4-8% decrease in total pressure from that delivered by the compressor [2] . A loss in total pressure indicates an increase in entropy and thus a reduction in the thermodynamic availability of the working fluid. This limits the efficiency of the cycle by reducing work that may be extracted at the turbine. The total pressure loss may be replaced with a net gain if the isobaric heat addition process found in conventional gas turbine technology was replaced with an isochoric process. Such a system could produce a rise in total pressure across the combustion chamber and is thus referred to as pressure gain combustion. Numerous studies have investigated the thermodynamic benefit of integrating a pressure-gain combustion system into a gas turbine engine and have suggested the increase in efficiency would be significant [3] [4] [5] [6] [7] .
Several approaches have been proposed to achieve this constant volume or quasi-constant volume combustion within a gas turbine environment, including both detonation and deflagration based methods. Significant research efforts have been devoted to detonation based methods including pulse detonation engines (PDE) and rotary detonation engines (RDE) in which the shock front is used to approximate constant volume combustion. Suitable reviews may be found in [8] [9] [10] [11] and [12, 13] for PDEs and RDEs respectively. Deflagration based approaches have also been considered in the wave rotor and pulse combustorss forms. The former involves a set of channels that rotate between two fixed plates and thus periodically open and close to allow for filling, isochoric combustion, and expansion. A review of the research into this approach is given by Akbari et al [14] .
Pulse combustor based approaches utilize an unsteady combustion device to allow for quasi-constant volume combustion. Exhaust products are then mixed with the bypass flow to reduce the exhaust gas temperature to a level acceptable for a turbine inlet. Pulse combustor based pressure-gain combustion systems were proposed as early as the 1940s with net total pressure gains reported by Porter [15] , Kentfield [16] [17] [18] [19] [20] [21] [22] and Paxson [23, 24] . These gains have ranged from 1-4% of the total pressure delivered by the compressor with later studies conducted at total temperature ratios relevant to modern gas turbine engines.
II. Motivation

A. Need for Active Valve Resonant Pulse Combustors
With the exception of a study by Muller [25] , to the author's knowledge all previous resonant pulse combustor driven pressure-gain combustion studies have primarily incorporated passive inlet valve [23, 24] or valveless devices [15, 20, 21] . While valveless technology provides the distinct and meaningful advantage of not requiring the moving or deforming components which commonly limit the operational duration of passively valved devices, they lack the high performance levels typically achieved by their passively valved counterparts. Furthermore, in many cases reported in the literature, significant difficulty establishing and maintaining resonant operation can significantly complicate the design of pressure-gain experiments [21] . Passive valve resonant pulse combustors provide relatively high performance and have been used to demonstrate meaningful stagnation pressure gains at gas turbine engine relevant stagnation temperature ratios [23, 24] . With carefully chosen operating parameters, and correct experimental conditions, passively valved devices can be reliability started and easily maintain resonant operation thus making them an obvious choice for experimental pressure gain combustion systems. However, they do possess one significant disadvantage to their actively valved and valveless equivalents. The motion of the mechanical valving system in these devices is passively driven by the unsteady pressure fluctuations in the combustion chamber of the resonant pulse combustor and in the best cases these fluctuations are on the order of 1 bar with cyclic operation occurring around 200 Hertz in typical experimental systems. With these parameters the mechanical valve must move from a closed position to an open one and back on a sub-millisecond timescale, requiring significant acceleration from a relatively low pressure force. This introduces the requirement that the moving portion of the passive valve have a sufficiently low mass to meet the acceleration requirements. Also, inherent of the operational characteristics of resonant pulse combustors, this valve is located in a high temperature reaction zone, further increasing design complexity. The combined requirements that the passive valve have both a low mass and operate within a high temperature reacting gaseous mixture make it exceedingly difficult to produce a robust functional design necessary for practical gas turbine engine implementations. Current passive valve technology is, at its best, able to operate on the order of tens of minutes before valve failure terminates the function of the device. This is well illustrated in figure 1 in which a typical passive valve resonant pulse combustor was characterized over the life cycle duration of one of its mechanical valves.
Results in this figure are from an "off-the-shelf" Dynajet pulsejet as used in the study of Paxson [23, 24] to demonstrate its stagnation pressure gain capability at stagnation temperature ratios relevant to gas turbine engines. Measurements were sampled discretely from the start of the resonant operation of the combustor until the point at which the passive mechanical valve failed. Each given value represents one-thousand data points sampled at 30kHz and averaged over time. Figure 1a displays the percent decrease from the peak value in both the operating frequency of the pulse combustor, as determined by taking a Discrete Fourier Transform of each set of samples represented on the figure, and the root mean squared (RMS) of the dynamic pressure measured in the center of the combustion chamber. It is shown that the combustor rapidly approaches its peak operating frequency, occurring at approximately 2 minutes, followed by a short, steep decrease and a subsequent shallow linear decrease. The RMS of the combustion chamber pressure proceeds along a less complex path as it approaches its peak at approximately 4 minutes and then decreases slowly until valve failure occurs. As shown in figure 1b , the stagnation pressure and temperature reach their maximum values much more quickly occurring before 1 minutes of operation. After which both properties continue to drop with time. Major specie emissions display a similar trend to the stagnation properties, figure 1c, rapidly reaching their peak value under 1 minute and steadily decreasing by a significant amount thereafter. Figure 1d displays the measured peak combustion chamber pressure and approximate spacing between the peak pressure and heat release as measured by an ion probe at the center of the combustion chamber. It is shown that, while the peak combustion chamber pressure remains relatively constant for the duration of the test operation, the coupling between the pressure wave and heat release follows a trend opposite to that of the RMS of the pressure. These result indicate that, which a conventional passive mechanical valve it is difficult to reach a thermal equilibrium where highly relevant emissions and performance characteristics have reached a steady value.
Active valve resonant pulse combustors significantly decrease the difficulty of producing a robust design and provide the ability to maintain experimental operation for durations of time on the order of hours (and longer). This is because, with an active valve, the mechanical inlet valve is rotated at a fixed rate thus eliminating the acceleration requirement. This allows for a valve with significantly greater mass and therefore more easily designed to be robust. Despite this key advantage there is a lack of understanding as to the proper design of a high performance actively valved resonant pulse combustor and which parameters of a given design most influence the performance and operation. Furthermore, it is not understood what the upper performance limits of such a device are or if decoupling the valve motion from the unsteady pressure fluctuations results in any inherent limitations relative to the passive device. This study seeks to develop the understanding through a set of experiments and improved operational understanding through modeling of the system.
B. Characteristic time scales
It is well understood that the coupling between the unsteady heat release and resonant pressure wave within a pulse combustor is a large factor in determining the performance or pressure gain ability of the device. While the timing of the pressure wave dynamics are largely a function of the average wave speeds of the exhaust gases and geometry of the device, the heat release timing is an extraordinarily complex function of fluid dynamic mixing and chemical kinetics. As such, the ignition delay that dictates the timing of heat release and thus to some extent the coupling between acoustics and heat release can be estimated through analysis of the separate chemical kinetic and fluid dynamic mixing time scales. The mixing effects can be further subdivided into the time scales required for the fresh oxidizer and fuel and then the subsequent mixing of fresh reactants with hot products from the previous cycle. It is these characteristic time scales that are modified when adjusting the distance between the inlet valve and fuel injection, thereby allowing us to probe their influence on performance and operation of the device.
III. Experimental Apparatus
The experimental apparatus is composed of the helmholtz type pulse combustor, a DC motor with required interface and controls to drive the valve, and suficient instrumentation to characterize the performance of the combustor. An overview of the experimental apparatus used in this study is shown in fgure 3. 2b.
A. Pulse Combustor
The experimental pulse combustor consists a rotating "ball" type inlet valve mounted on the front of a combustion chamber with attached exhaust tube. The valve is machined from stainless steel and is driven by a PI controlled DC motor with a 10:1 ratio custom built gear box. The steel ball is enclosed within a brass valve seat. The pulse combustor body and valve casing has been fabricated from 304 stainless steel. The combustion chamber section has a 66mm inner diameter and 120mm length, the exhaust tube has a 35mm inner diameter and 350mm length, and the inlet valve has a 21mm inner diameter. Fuel is injected into the center of the inlet via four holes in the 5mm fuel injection tube. The fuel delivery is illustrated in red in 2a. Fuel injector orientation is such that fuel streams are directed perpendicular to the inlet in four directions from the centerline. The operating frequency range of the pulse combustor external of the shroud is 250-290 Hz with gasoline fuel. Ignition is initiated with a high voltage spark and resonant operation, as described by Bellest and Kentfield [26] , is established after a brief period of preheating.
B. Configurations
The combustor was studied in two configurations as described in figures 3a and 3b. The change of this one dimension allowed for modification of the convective and mixing characteristic timescales.
C. Performance Measurement Instrumentation
The resonant pulse combustor was instrumented as follows. Dynamic combustion chamber measurements were recorded with a Kistler (type 4049A) water cooled absolute pressure sensor paired with a Kistler (type 4665) amplifier. In order to maintain measurement fidelity at the highly elevated temperatures present during resonant operation, electronic thermal drift compensation was applied to the dynamic pressure tranducer signal. Stagnation temperature and pressure were measured with KT-6-K-12-C Kiel probe mounted in the center of the exit-plane of the combustor exhaust. The stagnation pressure was connected to an Omega PX2300-1BDI differential pressure transducer via a 1.2 meter 1/16 inch stainless steel tube to damp out acoustic oscillations. The presence of a combustion front was detected with an ion probe mounted in the same plane of the pressure transducer. Details of the ion probe implementation can be found in a study by George et al. [10] as the described apparatus follows their methodology. All instruments were recorded via a NI PICe-6363 high speed data acquisition device.
D. Post-processing
Despite the presence of stable resonant operation, significant cycle to cycle variation is inherent of the device operation. In effort to enable a case to case comparison of performance and operational characteristics, a cycle averaged result was obtained for each case. These averaged results are obtained as follows. The combustion chamber dynamic pressure trace from each full data set, as shown in figure 3a, was then divided into a set of single cycles by cutting the signal at each cycle as determined by the measured encoder reading. In this way points before which the combustion chamber becomes over-expanded are utilized to mark the start of the start of the combustor cycle. This cycle averaging approach is illustrated in figure 3a where the black line represents the dynamic pressure signal, the blue the encoder signal, and the red the ion probe signal at the center of the combustion chamber (in the same plane as the pressure transducer). A five cycle slice of the 6.5 second data set is shown in the zoomed portion of the figure. In this illustration the grey shaded zone indicates a one cycle section. These individual cycles are then mapped on top of each other with a universal starting point based on the room static pressure. A moving averaged is then used to blend the scatter plot into a single curve that should capture the fundamental operational and performance characteristics.
IV. Experimental Results
Experiments were carried out across three frequencies at which resonance could be achieved (250 Hz, 260 Hz, and 270 Hz) and five imposed air inlet flow rates (0, 2, 4, 6, and 8 g/s). For each of these cases liquid gasoline was used with a constant fuel back pressure at 2.2 bar. Experimental results are given as follows.
A. Results
In general, cycled averaged results between the long and short configurations differed in their response to changes in imposed inlet air flow rate and frequency set-point. Figures 5 and 6 show the cycled averaged dynamic combustion chamber pressure trace and ion probe signal for the long and short configurations with varied imposed inlet air flow rates. For the long configuration at 250 Hz, figure 5a, there is a noticeable dependence of the phase of the pressure trace on the imposed inlet air flow rate. In this case it is shown that the phase of the pressure fluctuations moves later in the cycle as the imposed inlet air flow rate is increased. This effect is also seen in the ion probe signal suggesting that the shift in pressure signal phase may be a result of delayed heat release. This delay could be caused by the increase cooling and potentially reduced equivalence ratio that would likely result from imposing a flow of air at the inlet. Furthermore, with the exception of the naturally aspirated case, the peak in combustion chamber pressure increases slightly with increasing imposed inlet air flow rate. A similar trend is demonstrated in the 270 Hz case, figure 5c, where a more dramatic variation in the pressure trace with imposed inlet air is clearly visible. In this case it is shown that the phase of the pressure trace shifts forward in phase with increasing imposed inlet air flow rate, contrasting the 250 Hz case. This would imply that the dominant effect in the 270 Hz case is perhaps a reduction in heat release delay resulting from the increased convective velocity at inlet, which should increase mixing rates and reduce the overall ignition delay time. In this case a meaningful increase in pressure trace amplitude with increased imposed inlet air flow rate is also shown. This suggested the decrease in overall ignition delay time may be improving the coupling between the pressure wave and unsteady heat release and therefore the rayleigh efficiency of the device. A very different phenomenon is observed in figure 5b where the pressure trace at 260 Hz appears mostly invariant with changes to the imposed inlet air flow rate and the magnitude of the pressure fluctuations is generally lower than that in the 250 Hz and 270 Hz cases. Although there is some variation in the iob probe signal, this is mostly in magnitude and could be related to varied equivalence ratio or the physical location of the main heat release events within the combustor. Results for the short configuration demonstrated less varied results across the range of frequencies and imposed air inlet flow rates than the long configuration. In figures 5a and 5b a mild pressure trace phase shift towards earlier in the cycle is shown with increasing imposed inlet air flow rate. For all three frequencies the ion probe signal shifts earlier in the cycle with increased imposed inlet air flow rate as seen in the 270 Hz long configuration case. However, in figure 5c it is shown that the pressure trace for the 270 Hz short configuration case shifts slightly later in the cycle with increase imposed air flow rate and decreases slightly in magnitude. This, combined with the forward shift of the ion probe, would suggest a decoupling of the pressure wave and unsteady heat release as additional air flow is applied at the inlet. Contrast between the long and short configurations is more clearly shown in figure 7 where each configuration is displayed with three of the imposed inlet air flow rates. For the 250 Hz, and 260 Hz cases (figures 7a and 7b) the phase of the pressure wave occurs earlier in the cycle for the short configuration, as expected. However, for the 270 Hz case shown in figure 7c displays an pressure waves shifted forward in phase for the long configuration relative to the short configuration. This suggested that an effect other than convective distance is dominating the wave structure. It is also shown in each of these cases that the pressure wave generally shifts earlier in phase for all cases with increasing frequency, this is also the expected result given the reduction in total cycle time as the operating frequency increases. The mass averaged stagnation pressure as a function of stagnation pressure measured at the exit plane of the combustor exhaust tube is given in figure 8 . It is shown that the stagnation pressures generated by the combustor in the long configuration are generally larger across a smaller range of comparable stagnation temperatures than in the short configuration. It is also shown that the short configuration demonstrates a near linear increase in stagnation pressure with increased stagnation temperature while the long configuration lacks a clear correlation between the two quantities. It should also be noted that the larger amplitude pressure fluctuations shown in figures 5 and 6 correspond to larger stagnation pressure values in 8. Indicating that, for some cases, pressure wave amplitude is predictive of pressure gain capability. This, however, is shown to not be universally the case.
In figure 8b it is shown, that for the short configuration, the stagnation pressure and temperature generally increase with increasing frequency. This may be the result of a rich mixture receiving additional air flow with the increased time integrated air of the inlet valve at higher frequencies. Fig. 8 Stagnation pressure as a function of stagnation temperature.
In figure 9 the peak dynamic combustion chamber pressure is shown as a function of the time delay between the peak ion probe signal and peak pressure signal. This has shown to be indicative of the coupling between the pressure wave and unsteady heat release [27] . An expected linear increase in combustion chamber pressure with decreased delay, or improved coupling, is shown for the long configuration case (figure 9a). In figure 9b the short configuration case displays less of a clear trend, with a similar linear increase in peak pressure with decreased delay for the 260 Hz and 270 Hz cases but a slightly reversed trend for the 250 Hz case. Fig. 9 Peak combustion chamber dynamic pressure as a function of time delay between peak heat release and pressure peak for varied imposed inlet air flow rates and frequencies.
Additional understanding is found in figure 10 where the mass averaged stagnation pressure measured at the exit plane of the combustor exhaust tube is given as a function of the same time delay in figure 9 . Here it is shown that for the long configuration the measured stagnation pressure does not directly correlate with the decrease in time delay between the peak in ion probe signal and the peak in the pressure trace. Instead, as shown in figure 10a the only case in which the stagnation pressure tends to increase with decreased delay time is the 270 Hz case, the 250 Hz and 260 Hz instead display the opposite trend. This is again shown in for the short configuration, figure 10b , where the measured stagnation pressure decreases with decreased delay time. This would indicate the combustor is producing less stagnation pressure as the Rayleigh efficiency of the devices increases. While it is possible the phenomenom is an artifact of measurement limitations, the physics that could produce these effects will be discussed. Fig. 10 Peak combustion chamber dynamic pressure as a function of time delay between peak heat release and pressure peak for varied imposed inlet air flow rates and frequencies.
B. Influence of imposed inlet air flow rate
In the following figures the influence of imposing a flow of air at the inlet of the combustor is investigated. The addition of an air flow at the inlet influences the physics to an observable extent and it is postulated that these effects include increasing the convective velocity of the inlet flow and thus increasing the overall flow of air into the combustor. This may have a secondary effect of increasing fuel flow rates through venturi effects. Figure 11 shows the change in peak dynamic combustion chamber pressure as a function of the flow rate of the air imposed at the inlet. For these cases adjustment of the operating frequency serves two primary functions, the first increases the effective area of the inlet as the time-integrated open time is increased. The second decreases the overall cycle time, thereby increasing the potential impact of the convective and mixing time-scales. It is shown in figure 11a , for the long configuration, that the influence of increasing imposed air flow rate at the inlet has little effect at 260 Hz, a slight influence at 250 Hz, and strongly increases the peak at 270 Hz. A different response is shown for the short configuration, 11b, in which an increase in measure peak dynamic combustion chamber pressure is shown for the 250 Hz and 260 Hz cases while the opposite effect is observed for the 270 Hz case. Further information can be observed from the phase at which the peak combustion chamber pressure is occurring as shown in figure 12. In the case of the long configuration, 12a, at 250 Hz the phase of the pressure peak moves later in the cycle as the inlet air flow rate increases, at 260 Hz the phase remains the same with inlet air flow rate, and at 270 Hz the phase shifts forward in the cycle as the inlet air is increased. Competing physics are clearly present. For the 270 Hz case, the effective inlet area is increased and it is likely the that increase in flow through the inlet reduces the overall ignition delay time, thereby resulting in a forward shift in the phase of the peak heat release. This is likely through a combination of decreased convective time and increased mixing rates. In the 250 Hz case, it is possible that the effective inlet area is not large enough to facilitate a reduction in the overall ignition delay time. However, the increased cooling from the addition of air at the inlet could be reducing the overall ignition delay through kinetic effects and a push toward leaner operation, resulting in the observed behavior. As such, it is possible that for the 260 Hz case these two competing phenomenon are balanced.
As shown in figure 12b , results for the short configuration demonstrate a different response. For each of the three frequencies the phase of peak pressure shifts earlier in the cycle, indicating that decreases in the overall ignition delay time as a result of decreased convective and mixing time scales are the dominant physics occurring. For this configuration, and counter to expectation, the 260 Hz case is most strongly influenced by the imposed inlet air while the 270 Hz case is largely unchanged. The phase at which the peak in unsteady release, as measured by the ion probe, is shown in figure 13 . In the case of the long configuration, the same general trends as seen for the shift in phase of peak pressure are observed for the peak heat release. It would follow then that the shift in peak combustion chamber pressure is being driven by a shift in the phase of the heat release curve. In the case of the short configuration, figure 13b , each frequency displays a shift in phase of peak heat release towards earlier in the cycle for increasing inlet air flow rate. This is an expected results as the shorter configuration should allow for the influence of increased convective velocity to strongly effect the operation relative to the long configuration. The difference between the phase at which the peak dynamic combustion chamber pressure and the peak heat release is shown in figure 14 . This provides some indication to how the change in imposed inlet air flow rate alters the coupling between the resonant pressure wave and unsteady heat release. In figure 14a the separation between peaks for the long configuration is shown to be much greater for the 260 Hz case than the 250 Hz case while the 270 Hz case extends from similar values to 260 Hz at low inlet flow rates to values close to the 250 Hz at higher inlet air flow rates. A different trend is observed for the short configuration, figure 14b , in which the 250 Hz and 260 Hz cases have a similar coupling while the delay between the peak heat release and peak pressure for the 270 Hz increases with increasing inlet air flow rate. This suggests that, as the increase in convective flow decreases the time delay due to mixing effects, the phase of heat release is shifted forward in the cycle and thus decouples it from the resonant pressure wave. It was initially thought that the addition of a air flow at the inlet would potentially increase cooling and reduce the exhaust stagnation pressure. It is shown in figure 15 that this is not the case. Instead, the general trend is an increase in stagnation temperature at the exit plane of the combustor. As mentioned previously, this is likely an indicator that the combustor like operates with an excess of fuel and the forcing of additional of air through the inlet pushes it towards a stoichiometric condition. Figure 16 displays the pressure gain performance of the two configurations as a function of the imposed inlet air flow rate. It is shown that the long configuration case has generally larger stagnation pressure gains than the short configuration case, and that these gains increase slightly with increasing imposed air flow rate at the inlet. 
V. Conclusions
Experimental results demonstrate that the performance and operational characteristics of the resonant pulse combutor may be significantly modified through minor changes in the design. This strongly indicates that a careful design optimization could bring its performance near that achieved with passively valved devices.
The following relevant details may be concluded from the experimental results. The active valve resonant combustor likely runs rich in its naturally aspirated mode. This suggests that some modification may be necessary to reduce unwanted emissions from the device. It was also shown that the long configuration generally operated at a higher performance level than the short configuration which is likely due to an improved coupling between the acoustic wave and unsteady heat release. This indicates that a sufficient ignition delay is desirable for improved performance.
